Abstract. Cellular immune responses are of high importance in initiating and maintaining immunity against virus infections. Whereas the cellular immune response during persistent cytomegalovirus (CMV) infection is well assessable, the individual contribution of CD4 and CD8 T cell responses during primary infection has not been described. A novel whole-blood assay, which relies on the flow-cytometric detection of antigen-induced cytokine expression, was used to characterize CMVspecific CD4 and CD8 T cell responses during primary infection of CMV seronegative recipients of a renal allograft from a CMV seropositive donor. These T cell responses were compared with long-term CMV-positive patients with known history of transplantation-related seroconversion. Results were further correlated to CMV load and serum IgG and IgM. The long-term seroconverted patients consistently showed a dominant CMV-specific CD4 T cell response (median frequencies: CD4, 1.12% [range, 0.35 to 8.10%] versus CD8 0.13% [range, Ͻ0.05 to 0.55%]). In contrast, during primary infection, the cellular immune response is strongly dominated by CMVspecific CD8 T cells (median peak frequencies: CD4, 1.24% [range, 0.21 to 1.60%] versus CD8, 2.47% [range, 1.34 to 6.67%]). Upon receipt of ganciclovir, viral load as well as CMV-specific CD8 responses decreased. The frequency of the respective CD4 T cells fluctuated during decrease of CMV load and became dominant over CMV-specific CD8 T cell responses. These results are consistent with the view of an effective direct antiviral activity of CD8 T cells, which is most critical during periods of high viremia. Later on during persistent infection, CD4 T cells dominate the immune response to support the state of antiviral immunity.
Virus-specific T cells are of major importance in the initiation and maintenance of immunity against viral infections. Viruses such as cytomegalovirus (CMV) have evolved various strategies to establish a persistent infection that lasts for the lifetime of the infected host (1) . The state of persistence is characterized by a well-balanced equilibrium, where viral replication is controlled by both cellular and humoral immune effector mechanisms. In immunocompetent individuals, persistent CMV infection is in general clinically inapparent. In immunocompromised patients, however, a disruption in the balance between immune control and CMV expansion may lead to serious infectious complications with various clinical manifestations (2) (3) (4) .
Among T cells, both virus-specific CD8 and CD4 T cells seem important in the control of acute as well as persistent infections (5) . The main function of cytotoxic CD8 T cells resides in the specific lysis of virus-infected target cells. On the other hand, CD4 T cells are critical for regulating functionality and diversity of cytotoxic T cells (6 -8) . This function is mediated by the specific activation of dendritic cells, which cross-present antigenic peptides in the context of MHC class I molecules to induce virus-specific cytotoxic CD8 T cells. Furthermore, CD4 T cells provide help for B cells to secrete high-affinity virus-specific antibodies. In addition, both CD4 and CD8 T cells secrete cytokines, such as interferon-␥ (IFN)-␥ or tumor necrosis factor-␣, that may have direct antiviral effects (9) .
We previously characterized the CMV-specific CD4 and CD8 T cell response in both healthy individuals and immunosuppressed renal transplant recipients (4, 10) . Virus-specific T cells are terminally differentiated effector cells that are interindividually heterogeneous in frequency but of remarkable stability within a given individual (4, 10) . Whereas T cell immunity toward CMV is rather well characterized in persistent infection, prospective studies that describe the human T cell responses during and longitudinally after acute infection are as yet rare. It is known from other herpesviruses, such as EBV, that primary infection is often accompanied by marked expansions of virus-specific CD8 T cells. Upon resolution of the viral expansion, most of these effectors die by apoptosis, whereas others enter the memory pool to protect the host from uncontrolled reactivation (11, 12) . Interestingly, EBV-specific CD8 T cell responses during primary infection and subsequently during viral persistence are not only quantitatively distinct but also show marked differences in their phenotype and epitope-specific composition (13) (14) (15) (16) . Similar studies an-alyzing virus-specific CD4 T cells in humans are as yet limited. A recent study described a temporal increase in CMV-specific CD4 T cells during primary viremia that was followed by a rapid decrease. Interestingly, CMV load was detectable and CMV-specific CD4 T cells remained low or absent throughout the observation period of approximately 100 d (17) . Given the fact that CMV-specific CD4 T cells are present within each long-term CMV seropositive individual (10), the time point and kinetics of reemergence of specific immunity after resolution of primary viremia are currently unknown. Moreover, the particular relationship between CMV-specific CD4 and CD8 T cell frequencies from the induction of primary immunity into the persistent phase of CMV infection has not been analyzed so far. The present study addresses this issue in the context of primary CMV infection after transplantation of CMV-seronegative recipients of a CMV-seropositive renal allograft. It is shown that primary CMV infection is dominated by virus-specific CD8 T cells. Moreover, we provide evidence for a supportive role of antiviral therapy in the induction and maintenance of specific immune responses.
Materials and Methods

Subjects
The study was conducted among 102 renal transplant recipients (52.1 Ϯ 13.1 yr of age). Eighty-three patients were CMV-seropositive before transplantation. The remaining nineteen patients were CMVseronegative before transplantation and received a graft from a CMVseropositive donor. Among them, seven patients were longitudinally analyzed before and regularly after transplantation (all men; 43.3 Ϯ 14.6 yr of age; Table 1 ). All seven patients received prophylactic ganciclovir treatment during the first 3 mo after transplantation. Three out of seven patients seroconverted thereafter. All patients studied received an immunosuppressive double or triple drug regimen consisting of either cyclosporine A or tacrolimus and either methylprednisolone or azathioprine or both. Blood was drawn in the morning before intake of immunosuppressive drugs. To control for trough levels of immunosuppressive drugs, serum levels of cyclosporine A and tacrolimus were determined using standard assays (Roche Diagnostics, Mannheim, Germany; Abbott Diagnostics, Chicago, IL). All patients gave informed consent. The study was approved by the local ethics committee.
Stimulation of CMV-Specific CD4 and CD8 T Cells within Whole Blood
Simultaneous stimulation of CMV-specific CD4 and CD8 T cells was performed in whole blood as described previously for antigenspecific T cell stimulation (4, 10, 18, 19) . As a stimulus, titred amounts of CMV antigen (complement fixation reagent; BioWhittaker, Verviers, Belgium) were used in the presence of 1 g/ml ␣CD28 and ␣CD49 d (clones L293 and 9F10; BD, Heidelberg, Germany), respectively. As internal negative controls, blood cells were stimulated with control antigen that does not contain any CMV proteins (BioWhittaker). Positive control stimulations were carried out using 2.5 g/ml Staphylococcus aureus enterotoxin B (SEB; Sigma, Deisenhofen, Germany) or titered amounts of antigen derived from adenovirusinfected cells (BioWhittaker) as described previously (20) . Cells were incubated in polypropylene tubes at 37°C at 6% CO 2 for a total of 6 h. During this time, effector and memory CD4 and CD8 T cells are specifically stimulated, resulting in the upregulation of CD69 and the production of cytokines (19, 21) . During the last 4 h, 10 g/ml of Brefeldin A (Sigma) was added to block extracellular transport of cytokines. Thereafter, the blood was treated with 2 mM EDTA for 15 min. Erythrocytes were subsequently lysed, and leukocytes were fixed for 10 min using lysing solution according to the manufacturer's instruction (BD). Cells were washed once with FACS buffer (phosphate buffered saline [PBS], 5% filtered fetal calf serum [FCS] , 0.5% bovine serum albumin [BSA, 0.07% NaN 3 ) and either immediately processed for flow cytometric analysis or left overnight at 4°C.
Determination of the Frequency of CMV Antigenspecific CD4 and CD8 T Cells by Flow Cytometry
Fixed leukocytes were permeabilized with 2 ml of FACS buffer containing 0.1% saponin (Sigma) for 10 min at room temperature (RT). They were thereafter immunostained for 30 min at RT in the dark using saturating concentrations of fluorescently labeled antibodies (all from BD) directed against the following antigens: CD4 or CD8 (clones SK3 or SK1), CD69 (clone L78), and IFN-␥ (clone 4S.B3). Cells were washed once with 3 ml of FACS buffer and fixed with PBS/1% paraformaldehyde. At least 10,000 CD4-or CD8-positive lymphocytes were analyzed on a FACScan (Becton Dickinson) using the Cellquest Software. Usually, control antigens did not stimulate any IFN-␥ production. Nevertheless, the percentage of specific T cells was calculated by subtraction of the frequency obtained by the respective control stimulations. a All patients were male CMV-seronegative recipients of a CMV-seropositive graft. Patients 1 to 3 experienced primary infection, patients 4 to 7 remained CMV-seronegative and negative for CMV-specific T cell responses. HLA-MM, HLA mismatch; CyA, cyclosporine A; Aza, azathioprine; MP, methylprednisolone; n.a., not applicable.
Determination of CMV Serostatus and Viral Load
The CMV serostatus of the donor and recipient before transplantation was provided by the Euro Transplant database. The CMV serostatus after transplantation was determined by a commercial CMV IgG test (IMX, MEIA; Abbott Diagnostics, Wiesbaden, Germany). CMV load was measured as virus DNA from whole blood using the hybrid capture assay (Murex, Version 2.0, Abbott Diagnostics) according to the manufacturer's instruction.
Statistical Analyses
Statistical analysis was performed using the Prism V3.02 Software (Graphpad, San Diego, CA). Significant differences were determined using the Mann-Whitney test.
Results
Long-term CMV-specific T cell responses were cross-sectionally analyzed in 19 CMV-seronegative recipients of a seropositive graft using flow-cytometry ( Figure 1 ). Of those, ten patients (52.6%) had a history of transplantation-related CMV primary infection. The analysis was performed at a minimum of 12 mo after transplantation in a state of persistent infection in the absence of detectable viremia. A dot plot of stimulated CD4 and CD8 T cells of a representative CMV-seropositive individual is shown in Figure 1A . Activated cells producing IFN-␥ after stimulation with CMV antigen were quantified among CD4 or CD8 T cells (right panels, 1.20 and 0.25%, respectively). Stimulation with control antigen served as a negative control (left panel). Patients who remained CMVseronegative do not have any detectable CMV-specific T cells ( Figure 1B, right panel) . In contrast, in patients who underwent transplantation-related seroconversion, CMV-specific CD4 T cells ranging from 0.35 to 8.10% were readily detectable (median 1.12%; Figure 1B , left panel). Of note, detectable frequencies of CMV-specific CD4 T cells in the persistent phase were always higher than respective CD8 T cells (median, 0.13%; range, Ͻ0.05 to 0.55%). This relative predominance of CMV-specific CD4 T cells is similar to the situation found for both CMV-seropositive healthy controls and long-term renal transplant recipients (4). Moreover, frequencies of CMV-specific CD4 and CD8 T cells in the ten patients with transplantation-related seroconversion do not differ from frequencies in the 83 transplant recipients with a known positive serostatus before transplantation (median CD4, 1.93% [range, 0.11 to 18.85%]; median CD8, 0.21% [range Ͻ0.05 to 9.72%]; n ϭ 83; CD4, P ϭ 0.23; CD8, P ϭ 0.14). This indicates that primary infection under immunocompromised conditions apparently does not alter CMV-specific cellular immune responses in the long-term.
To analyze the relative contribution of CMV-specific CD4 and CD8 T cell responses during primary infection, we took the chance to longitudinally follow viral load, specific antibodies, and T cell responses in seven CMV-seronegative patients who obtained an organ from a CMV-seropositive donor (Table  1 ). All patients received prophylactic ganciclovir therapy that was given intravenously for 1 wk followed by an oral application for a total of 3 mo. All patients were documented as being negative for CMV IgG and CMV-DNA before transplantation, and CMV-specific T cells were absent (Figure 2 and data not shown). In contrast, specific immune responses toward adenovirus or the superantigen SEB ( Figure 2B and data not shown) were readily detectable. Throughout the period of prophylactic antiviral therapy, CMV-specific T cells remained undetectable in all individuals.
After the period of prophylactic therapy, CMV-DNA and CMV-specific T cell responses were analyzed for a mean time of 61 Ϯ 45 wk. Four patients remained CMV-seronegative and CMV-DNA-negative throughout the observation period (patients 4 to 7). A typical example derived from patient 4 is shown in Figure 2A . As recent reports suggest that CMVspecific proliferative T cell-responses may exist in CMV seronegative individuals (22) , all patients were monitored for the presence of CMV-specific T cells. However, among a total of 21 samples that were analyzed in the patients without seroconversion, no specific T cells were detectable.
In contrast, however, the remaining three patients that underwent CMV primary infection and seroconversion acquired CMV-specific T cell immunity (patients 1 to 3, Table 1 ). After a median time of approximately 30 d off therapy (29, 29 , and 47 d, respectively), the patients reported to the hospital with mild CMV-related symptoms such as fever and myalgia. All patients showed detectable CMV-DNA that was accompanied by the induction of both CMV-specific T cell and antibody responses. All patients resumed ganciclovir therapy when the symptoms were confirmed as CMV-related by the first positive CMV-DNA result. A time course of primary infection is exemplified in Figure 2B (patient 1, Table 1 ). CMV-specific T cells were identified 1 wk after the first detection of CMV-DNA. Humoral responses as measured by CMV-specific IgG and IgM antibodies were detected 1 wk thereafter (stippled line in Figure 2B) .
Interestingly, the simultaneous analysis of CMV-specific CD4 and CD8 T cells revealed that the T cell response during primary CMV infection was dominated by specific CD8 T cells. In contrast, during resolution of viremia, CMV-specific T cells fluctuate to reach a stable state, where higher frequencies of CMV-specific CD4 T cells are found. This stable state was reached at approximately the same time point at which CMV-DNA decreased to below marginal levels (Ͻ3 pg/ml: patient 1, 37 wk; patient #2, 1.5 wk; patient #3, 3 wk after the first positive DNA result). Immune responses toward SEB or adenovirus that were analyzed as a positive control were stable throughout the observation period ( Figure 2B and data not shown). The relative dominance of CMV-specific CD8 T cells during primary viremia seems to be a general observation, because it was found in all patients undergoing CMV primary infection ( Figure 3A ; median peak frequencies: CD4, 1.24% [range, 0.21 to 1.60%] versus CD8, 2.47% [range, 1.34 to 6.67%]). Likewise, all patients showed a reversal toward dominance of CD4 T cells after resolution of primary viremia in persistent infection ( Figure 3B ). After the stabilization of CMV-specific immunity, all patients retained specific humoral and CD4 T cell responses throughout the entire observation period (127, 108, and 40 wk after therapy, respectively). 
Discussion
CMV-seronegative transplant recipients of a seropositive solid organ graft are at particular risk of acquiring primary infection with CMV. Consequently, this clinical situation can serve as a controlled model system to study the time course of CMV replication, seroconversion, and induction of specific immunity upon primary infection in humans. In this study, a simultaneous quantitation of both virus-specific CD4 and CD8 T cell responses was longitudinally performed in the course of an acute and during establishment of a persistent CMV infection. The most striking observation was a dominance of CMVspecific CD8 T cells during acute infection that contrasted with a relative predominance of virus-specific CD4 T cells in persistent infection. CD4 T cell frequencies that emerged after resolution of viral load remained stable throughout the whole observation period of up to 2.5 yr after primary infection and have similar characteristics as respective T cells from longterm CMV-seropositive individuals (data not shown).
The dominance in CMV-specific CD8 T cells is in line with the observations of large temporal expansions of virus-specific CD8 T cells that have been found during acute infections in both animals and humans (11, (23) (24) (25) (26) . Animal models suggest that the contraction of CD8 T cell responses after primary Table 1 ) and in a patient who underwent CMV primary infection (B, patient 1, Table 1 ) after transplantation (Tx). Adenovirus-specific and Staphylococcus aureus enterotoxin B (SEB)-reactive T cells are shown as control. A CMV-load higher than 3 pg/ml is considered clinically relevant. Figure 3 . CMV-specific CD8 T cells dominate during acute infection. (A) A marked dominance for CMV-specific CD8 T cells was found during primary viremia (patients 1 to 3, Table 1 ). (B) The same patients had higher frequencies of CMV-specific CD4 T cells after successful control of viremia (analyzed 127, 108, and 40 wk after primary infection). White and black bars represent CMV-specific CD4 and CD8 T cells, respectively.
infection is a programmed event that is modulated by both intrinsic and extrinsic factors (12, 27, 28) . High frequencies of specific CD8 T cells reflect the need to activate and mobilize large numbers of virus-specific T cells with direct cytotoxic activity, which is most important during periods of high viral load. Later on during persistent infection, a stable equilibrium is reached between viral replication and cellular immune responses. Interestingly, it was shown for HIV or EBV infection that this equilibrium, as compared with primary immunity, may further be characterized by the emergence of T cells with altered phenotype and specificity toward particular antigenic epitopes (13) (14) (15) (16) 29, 30) . In the steady state of a latent CMV infection, the immune response is dominated by CMV-specific CD4 T cells (Figure 3) . In single individuals, these CMVspecific CD4 T cells can reach extremely high frequencies and may play an important role in maintaining the state of antiviral immunity (10) . This is supported by adoptive transfer experiments where CMV-specific CD8 T cells were only stable when concomitantly infused with CMV-specific CD4 T cells (31) . Moreover, a loss of CMV-specific CD4 T cells in the first months after transplantation of CMV seropositive renal transplant recipients not only correlates with an uncontrolled viral replication but also with an increased incidence of CMVrelated disease (4) .
CMV-specific T cell frequencies were flow-cytometrically quantified directly from whole blood after stimulation with a complex antigen mixture derived from CMV-infected fibroblasts. This method has some advantages over the use of fluorescence-labeled tetramers or single stimulatory peptides, because it detects functionally active, cytokine-secreting cells and it can be applied to study immune responses in large cohorts of patients without the knowledge of the HLA-type or antigenic epitopes. Moreover, it allows for the direct comparison of antigen-specific CD4 and CD8 T cell frequencies from the same stimulation reaction and with the same readout system (4, 18) . Although the use of whole blood precludes the retrospective analysis of frozen samples, stimulation of whole blood as compared with isolated peripheral blood mononuclear cells not only leads to the detection of higher frequencies but also allows for a more reliable detection of specific CD8 T cells (unpublished observations). This fact may be due to the opsonizing effect of CMV-specific antibodies present in whole blood in stimulating antigen uptake, because detectable CD8 T cell responses were shown to be diminished upon depletion of immunoglobulins in vitro (32) . The use of exogenously derived antigens may in general be less powerful to stimulate CD8 compared with CD4 T cells and thus rather lead to an underestimation of specific CD8 T cell frequencies. Interestingly, to overcome this limitation, sets of overlapping peptides spanning immunodominant proteins instead of soluble proteins have recently been applied to increase efficiency in stimulating CD8 T cell responses (32) (33) (34) . Although the here determined CMVspecific CD8 T cell frequencies might be underestimated to some extent, the data further emphasize the particular dominance of virus-specific CD8 T cells during primary infection.
In the present study, six out of seven patients who were transplanted before the routine use of ganciclovir prophylaxis acquired CMV primary infection. From the time when potent antiviral drugs were available, not only primary CMV infection and symptomatic CMV reactivation but also acute rejection episodes have been significantly reduced (35, 36) . Nevertheless, prophylactic therapy cannot completely prevent primary infection of the recipient (35, 37) . Among patients undergoing seroconversion, the median time until viral DNA was detectable appears to be approximately 25 to 30 d (Table 1 and  reference 17) . Interestingly, this time frame was similar in patients who did or did not receive primary prophylaxis, in that primary viremia was detectable 30 d after the end of 3-mo prophylactic therapy (Table 1 ) or 25 d after transplantation (17) , respectively. Thus, apart from reducing the incidence of primary infection, a further beneficial effect of prophylactic treatment may result from delaying the event of primary infection to a period of less intense immunosuppression and improved immunocompetence. Hence, a more successful priming of cellular and humoral immune responses and a more efficient control of viral replication may ensure. With respect to the duration of prophylaxis, it is tempting to speculate that an additional prolongation of prophylactic treatment may lead to a further decrease in the incidence of CMV infection.
Does antiviral treatment applied at the time of primary viremia affect the induction and maintenance of specific cellular immune responses? This seems to be the case. The resumption of ganciclovir therapy led to a rapid decrease in viral load. By the time CMV-DNA was negative, CMV-specific CD4 T cells had approached frequencies that remained stable throughout the total observation period of up to 2.5 yr. Conversely, a recent study that analyzed patients during and after primary CMV infection in the absence of antiviral treatment described a similar initial rise in specific CD4 T cells after detection of the virus, but it was followed by a rapid decrease. Interestingly, CMV-specific CD4 T cells remained low or undetectable in that study, whereas viral load was still detectable for the study period of 100 d (17) . Together with our previous observations in renal transplant recipients with CMV reactivation (4), these data suggest that, apart from directly reducing viral load, ganciclovir treatment during primary viremia may indirectly assist both in the rapid induction and, more importantly, in the maintenance and stabilization of CMVspecific cellular immune responses. Interestingly, treatment of acute HIV or Hepatitis C infection (38 -40) or early control of viral load in a murine model of lymphocytic choriomeningitis virus infection (41, 42) similarly enables the host immune system to subsequently control viral replication and to prevent the development of chronic infection. The success of such therapeutic interventions may well be monitored in a clinical setting by the use of the flow-cytometric quantitation of specific immune responses. After acute CMV infection, the decrease in viral load and the stabilization of CMV-specific CD4 T cells may serve as a combined parameter to define the time point at which therapeutic antiviral medication can be safely withdrawn or preemptive monitoring of CMV load may be stopped.
